In space division multiplexing with orthogonal frequency division multiplexing (SDM-OFDM) systems, since co-channel interference (CCI) degrades the demodulation performance, CCI suppression is essential. For CCI suppression, the turbo detector using the soft-input softoutput maximum likelihood detector (SISO-MLD) is proposed. Although SISO-MLD can deal with soft information, SISO-MLD updates only a priori information of code bits at each iteration. This prevents the performance to be improved. Meanwhile, a turbo detector with soft cancellation (SC) followed by minimum mean square error (MMSE) filter, in which the variance of the residual interference components as well as a priori information can be updated at each iteration, is well known. However, the performance of SC/MMSE detector is also limited because it is proposed to reduce the computational complexity at the cost of performance degradation. In this paper, we propose an SC-type turbo detector which uses SISO-MLD for SDM-OFDM systems. In our proposed detector, the soft cancellation unit of the SC-type turbo detector is modified to cope with the SISO-MLD. From the simulation results, the proposed SC/MLD provides a better BER performance than the turbo detector using SISO-MLD. Furthermore, the proposed SC/MLD can attain the bit error rate (BER) equivalent to that of the SC/MMSE detector with a smaller computational complexity.
Introduction
Recently, there are extensive researches on space division multiplexing with orthogonal frequency division multiplexing (SDM-OFDM) to achieve a high speed wireless communication [1] , [2] . OFDM, which is one of multi-carrier transmission schemes, is tolerant toward multi-path fading and has high bandwidth efficiency, while SDM is a technique which enhances transmission rate by using multiple antennas both in a transmitter and a receiver. Therefore, SDM-OFDM systems, in which these techniques are combined, can realize a robust and high speed transmission. However, in SDM-OFDM systems, co-channel interference (CCI) caused by superposition of transmitted signals from multiple antennas degrades the demodulation performance seriously. Therefore, CCI suppression is essential in receivers of SDM-OFDM systems.
In general, CCI suppression is carried out by the use of a signal separation scheme [3] . There are several possible ways for achieving signal separation such as zero forc- ing (ZF) filter, minimum mean square error (MMSE) filter, and maximum likelihood detector (MLD). Since MLD determines a transmitted signal with the highest likelihood from a received signal, it can show the best performance among the schemes. Furthermore, the signal separation is achieved with the aid of forward error correction (FEC) in some cases. Turbo detection is one of such techniques; the signal separation and the decoding of an FEC code are iterated in the receiver [2] , [4] - [9] . The prototype [4] , [5] , of the turbo detector performs iterative processing using maximum a posteriori (MAP) detector and MAP decoder based on the principle of turbo codes. This turbo detector shows a better interference suppression performance by iterating MAP algorithm. However, since the computational complexity of MAP detector is significantly large, the implementation is sometimes impractical.
One of the possible solutions to mitigate the computational complexity is the use of MLD in turbo detection. In general, MLD outputs symbols with hard-decision. If a hard decision MLD [1] , [3] , is employed, decision errors are accumulated along with the iteration of the turbo process. This is called error propagation, and it degrades the decoding performance seriously. Therefore, a hard decision MLD is not applicable to a turbo detector. To prevent the error propagation, a soft-input soft-output (SISO) MLD is proposed in [9] . Since SISO-MLD can deal with soft information, iterative processing improves the decoding performance. However, SISO-MLD in [9] updates only a priori information of code bits at each iteration. Therefore, the performance improvement is limited because the improvement of a priori information is easily saturated.
Meanwhile, there is another turbo detection scheme which is also proposed to mitigate the computational complexity. In [2] , [6] - [8] , the soft replica cancellation followed by MMSE (SC/MMSE) detector, in which the complex MAP detector is replaced with an MMSE filtering and soft cancellation, is proposed and studied for CCI suppression of SDM-OFDM systems. In SC/MMSE detector, since CCI is suppressed by the use of replica cancellation, and further, since the variance of the residual CCI components as well as a priori information is updated at each iteration, SC/MMSE detector can exploit the performance of MMSE filter up to the most of its ability by iterating the processing.
However, even if the detector exploits the filtering performance to its full potential, the performance is also limited because the SC/MMSE detector is proposed to reduce the Copyright c 2007 The Institute of Electronics, Information and Communication Engineers computational complexity of the MAP detector at the cost of performance degradation. Furthermore, the number of iteration required to achieve a required CCI suppression performance is apt to increase. This implies that the total computational load of the system may not be reduced greatly though MMSE filter itself has a lower complexity.
In this paper, we propose another turbo detector which uses SISO-MLD and the idea of SC/MMSE detector. In our proposed SC/MLD, although a soft replica cancellation unit is used, its output signal is not directly used in SISO-MLD for signal separation. SISO-MLD in the proposed detector only makes use of the variance of the output signal of the cancellation unit for the separation of the received signals and symbol decision. By updating the variance of the residual CCI components together with a priori information at each iteration, the proposed SC/MLD can be expected to suppress CCI more effectively.
Furthermore, we investigate the trade-off between CCI suppression performance and the computational load of the turbo detector for SDM-OFDM systems. In general, the computational complexity of MLD is larger than that of MMSE filter. However, our proposed SC/MLD can achieve a required bit error rate (BER) performance with a smaller number of iteration. This implies that the proposed SC/MLD has a possibility to achieve a required BER performance with a smaller computational complexity.
We examine the computational complexity of the proposed SC/MLD, and evaluate the CCI suppression performances of the proposed SC/MLD by computer simulation. From the simulation results, the proposed SC/MLD provides a better BER performance than the turbo detector using SISO-MLD. Furthermore, the proposed SC/MLD can attain the BER equivalent to that of the SC/MMSE detector with a smaller computational complexity.
SDM-OFDM System
In this section, we describe the operation of an SDM-OFDM system which is considered in this paper and is shown in Fig. 1 . In the system, a transmitter and a receiver are equipped with N and M antennas, respectively.
First, information bits are fed to a serial-to-parallel (S/P) converter and divided into N branches in the transmitter. The resultant N bit streams are encoded by channel encoders. Here, we employ a low density parity check (LDPC) code [10] , [11] , as a channel code. The l-th encoder outputs in all the N branches are described in a vector format as
where [·] T denotes the transpose of a vector. Next, an interleaver changes the transmission order of c(l) according to a rule. To obtain time and frequency diversity, the interleave size corresponds to the packet size. Here, the interleaved version of c(l) is denoted as c( j), where j denotes an index after interleaving. The interleaved bit sequence is mapped into complex symbols of phase shift keying (PSK) or quadrature amplitude modulation (QAM). Here, the k-th mapped symbol in the n-th (n ∈ {1, 2, . . . , N}) branch is denoted as S n (k) whose constituting bits are expressed in a vector format as
where ω is the number of bits in a symbol. The k-th mapped symbols in all the N branches are given by
Each of N symbol streams is converted to an OFDM signal using inverse fast Fourier transform (IFFT) after S/P conversion. Finally, OFDM signals are transmitted simultaneously using N different antennas after insertion of guard interval (GI). At the receiver, the signal at each receive antenna is a superposition of the N transmitted signals which are corrupted by fading and noise. Here, each channel is assumed to be a P-ray Rayleigh fading channel. The received signal r(t) is given by
where the matrix h p (t) is the channel state information (CSI) whose element h p mn (t) is a complex channel gain in the p-th ray from the transmit antenna n (n ∈ {1, 2, . . . , N}) to the receive antenna m (m ∈ {1, 2, . . . , M}), s(t − τ p ) is a vector which is composed of N transmitted OFDM signals, τ p is the delay time of the p-th ray, and η(t) is a complex additive white Gaussian noise (AWGN) vector.
In SDM-OFDM systems, CCI significantly degrades the demodulation performance. Therefore, the receiver must separate signals and must suppress CCI. In general, ZF filter, MMSE filter, and MLD can be used to separate signals [3] . Among the schemes, MLD provides the best signal separation performance because MLD estimates the transmitted signal with the highest likelihood from the received signal. In general, MLD performs CCI suppression and symbol decision simultaneously. Such an MLD is called hard decision MLD.
Meanwhile, turbo detectors generally deal with transmitted bits as soft information. If a hard decision MLD is employed in a turbo process, error propagation might be caused. This degrades the decoding performance seriously. Therefore, a hard decision MLD is not applicable to a turbo detector.
In [9] , SISO-MLD which can deal with soft information is proposed. Since SISO-MLD can deal with soft information, iterative processing improves the decoding performance. However, SISO-MLD in [9] updates only a priori information of code bits at each iteration. Therefore, the performance improvement is limited because the improvement of a priori information is easily saturated. To suppress CCI effectively, another parameter must be also updated at each iteration; i.e., the variance of residual CCI components. This can be obtained by the use of the soft replica cancellation.
In this paper, we propose an SC type turbo detector which uses SISO-MLD to improve the CCI suppression performance in SDM-OFDM systems. In general, the soft replica cancellation is used for the CCI cancellation itself [2] , [8] . In our proposed SC/MLD, however, the output signal of the soft cancellation unit is not directly used in SISO-MLD. The soft cancellation unit in the proposed SC/MLD is only used for calculating the variance of residual compo- Fig. 2 Receiver of SDM-OFDM system with proposed SC/MLD. nents which are the result of subtracting all the soft replicas from the received signal. In the next section, the operation of the proposed SC/MLD is described. Figure 2 shows a receiver of an SDM-OFDM system which has the proposed SC/MLD. First, M received signals are converted to frequency domain symbols by carrying out FFT operation after removing GI. Here, the frequency domain received symbols on the k-th subcarrier can be expressed by
Proposed SC/MLD
where H(k) is an M-by-N frequency response matrix whose elements are the transfer functions from the transmit antenna n to the receive antenna m, and ℵ(k) is a noise in the frequency domain. After parallel-to-serial (P/S) conversion, R(k) is fed to the proposed SC/MLD. In the initial process of the proposed SC/MLD, since SISO-MLD cannot use the soft replicas and a priori information from the sum-product decoders of LDPC code, log likelihood ratios (LLRs) of the code bits are calculated in the same way as SISO-MLD in [9] . In the iterative process, SISO-MLD can now benefit from the soft replicas and a priori information. Then, all the soft replicas are subtracted from R(k) at the soft replica cancellation unit, and the resultant signal contains residue in the subtraction and noise components. Thus, SISO-MLD in the proposed SC/MLD can make use of the variance of this residual components instead of only the power of noise during the iterative process.
Initial Process
When the received symbol is expressed as Eq. (5), the SISO-MLD calculates the LLRs of code bits from R(k). For simplicity, we limit the range of LLR calculation to code bits which compose the data symbols in S(k). These code bits are expressed as
where U is the number of code bits which constitute the data symbols in Eq. (3). U can also be defined as Nω. In the SISO-MLD part, we explain the process which calculates
The proposed SC/MLD performs the initial process as follows. First, SISO-MLD calculates LLR
whereĤ(k) is the estimate of the frequency response matrix, σ 2 is the average power of AWGN. The function map(·) indicates the mapping, s2p(·) is S/P conversion, and bin(v) is the binary representation of v (v ∈ {0, 1 . . . , 2 U−1 − 1}). Furthermore, bin(v) x:y denotes the elements from x-th to y-th of bin(v).
Next, the LLR
, is fed to the sum-product decoder. The sum-product decoder computes and outputs a posteriori LLR Λ 2 [c n (l)] of the code bit c n (l).
Iterative Process
In the iterative process, a posteriori LLR Λ 2 [c n (l)] which is calculated by the sum-product decoder is used for the calculation of the extrinsic information λ 2 [c n (l)] as
The extrinsic information λ 2 [c n (l)] is fed back to the SISO-MLD, and is used as a priori information. Furthermore, a posteriori LLR Λ 2 [c n (l)] is also fed to a soft replica cancellation unit after interleaving. The soft replica cancellation unit generates soft symbols [2] with the modulation scheme used at the transmitter. For example, when the modulation scheme is 16QAM, the soft symbol S n (k) is computed as
The definition of Eq. (11) depends on the modulation scheme. Next, the soft replica cancellation unit generates the soft replicaĤ(k)S(k) from the estimated channel frequency response matrixĤ(k) and the soft symbol vector S(k).S(k) is defined as
Finally, the soft replica cancellation unit subtracts the soft replicaĤ(k)S(k) from the received symbol R(k) as
where D(k) is the residual components. Here, SISO-MLD in [9] always uses the power of noise in the calculation of LLR, while SISO-MLD in the proposed SC/MLD can use the variance of the residual components D(k). SISO-MLD of the proposed SC/MLD computes LLR as
where bin c (v) \u denotes bit inversion of the bit sequence bin(v) excluding the u-th element. Furthermore, ζ is the variance of the residual components D(k), and L \u is a priori information vector excluding a priori information of the u-th code bit. In the calculation of the variance ζ, the expectation operation is carried out over the range of N packets which are transmitted from N different antennas simultaneously. In addition, the SISO-MLD updates the variance ζ every iteration.
After the calculation in SISO-MLD, the LLR λ 1 [c n (k)] is fed to the sum-product decoder after deinterleaving. The sum-product decoder computes a posteriori LLR Λ 2 [c n (l)]. Λ 2 [c n (l)] is fed back into the SISO-MLD, and is used to compute the extrinsic information λ 2 [c n (l)]. After sufficiently iterating the processing, the proposed SC/MLD performs the hard decision of Λ 2 [c n (l)], the removal of parity bits, and P/S conversion to obtain information bits.
Simulation Results
In this section, we have investigated the CCI suppression performance of the proposed SC/MLD by computer simulation. The analytical comparison of the computational complexity is also shown. Table 1 shows the common simulation parameters. In Table 1 , the normalized Doppler frequency is defined as the maximum Doppler frequency normalized by the OFDM symbol duration. Furthermore, Fig. 3 shows the structure of the packet considered in this simulation. For channel estimation, a preamble and a postamble are placed at the head and the tail of each packet. The values estimated at the preamble and the postamble are linearly interpolated.
BER Comparison between SISO-MLD and SC/MLD
First, we compare the BER performance of the proposed SC/MLD with that of the turbo detector using SISO-MLD. Figure 4 shows the BER performances of the proposed SC/MLD, which uses the variance of the residual components, and the turbo detector using SISO-MLD [9] , which only uses the power of noise. In Fig. 4 , the dashed lines denote BERs of SISO-MLD, and the solid lines denote those of SC/MLD. In the initial process, both SISO-MLD and the proposed SC/MLD cannot use a priori information. In addition, the proposed SC/MLD cannot use soft replicas. Thus, the proposed SC/MLD calculates LLR in the same way as SISO-MLD; i.e., the power of noise is used for the LLR calculation. Therefore, the proposed SC/MLD provides the same performance as SISO-MLD in Fig. 4 .
At the first and the second iterative processes, the performances of SC/MLD are inferior to those of SISO-MLD. In the iterative process, the proposed SC/MLD calculates the variance of the residual components at SC unit. However, since the soft replicas are in a poor quality when the number of iteration is small, the residual signal contains large residual CCI components after the SC processing. Thus, the reliability of LLR is not improved much. Therefore, LDPC decoder cannot correct errors effectively.
On the other hand, the proposed SC/MLD at the fourth iteration is superior to SISO-MLD at the sixth iteration. This is because the accuracy of the soft replicas is improved with the increase in the number of iteration. That is, the residual CCI components are effectively suppressed.
Furthermore, SISO-MLD updates only a priori information at each iteration. Therefore, when a priori information converged, the performance improvement of SISO-MLD is saturated. In Fig. 4 , SISO-MLD cannot improve the BER performance less than 10 −4 . This BER is the performance boundary of SISO-MLD. Meanwhile, the proposed SC/MLD achieves a lower BER than SISO-MLD. This is because, the proposed SC/MLD updates the variance of residual components as well as a priori information.
BER Comparison between SC/MMSE Detector and
SC/MLD Figure 5 shows the BER performances of SC/MMSE detector and the proposed SC/MLD. In Fig. 5 , the dashed lines denote BERs of SC/MMSE detector, and the solid lines denote those of the proposed SC/MLD. In the initial process, SC/MMSE detector and the proposed SC/MLD cannot use the soft replicas and a priori information. Then, MMSE filter and SISO-MLD only perform signal separation. Therefore, the curves indicated as "no iteration" show purely the performance difference between MMSE filter and SISO-MLD. In the iterative process, the curves of SC/MMSE detector and those of the proposed SC/MLD are improved with the increase in the number of iteration. This is because the SC/MMSE detector and the proposed SC/MLD can use a priori information and the soft replicas. That is, the accuracy of a priori information and that of the soft replicas are improved along with iterative processing.
However, the performance of the proposed SC/MLD at sixth iteration is superior to that of SC/MMSE detector at sixth iteration by about 3.5 [dB] at BER of 10 −3 because SISO-MLD has the advantage in performance. Moreover, in the SC/MMSE detector, the BER reaches the performance boundary at the fourth iteration. Therefore, the BER which is attained by the proposed SC/MLD at the second iteration can never be attainable by the SC/MMSE detector even if the number of iteration is increased. Thus, SISO-MLD is effective to improve the CCI suppression performance and to reduce the number of iteration though SISO-MLD itself may increase the computational load compared with MMSE filter. Figures 6 and 7 show the BER performance comparison under the different channel environments. In Fig. 6 , 1-sample-spaced 5-ray Rayleigh fading channel with the attenuation factor of 3 [dB] is employed. In Fig. 7, 3 -samplespaced 5-ray Rayleigh fading channel with the attenuation factor of 3 [dB] is used. In either case, the performance tendency is remain unchanged. Therefore, the proposed SC/MLD can effectively suppress CCI.
Computational Complexity
Finally, we evaluate the SC/MLD from the point of computational complexity. Table 2 shows the analytical expressions of the computational complexity of the SC/MMSE de- Table 2 are the number of multiplications per N symbol performed in the detector, the decoder and the soft replica cancellation unit. In Table 2 , Q is the number of constellation points, N b is the number of information bits in a codeword of LDPC codes, N c is the length of a codeword of LDPC codes, N j is the row weight of the parity check matrix, and N id is the number of iteration in LDPC decoder. Figure 8 shows the total computational complexity versus the number of iteration in turbo detection N ie of the SC/MMSE detector and the proposed SC/MLD based on Table 2 . In Fig. 8 , curves for the turbo detector using SISO-MLD are also shown. The calculation parameters are the same as those in Table 1 , and the row weight N j is 6.
First, we compare the computational complexity of the turbo detector using SISO-MLD with that of the proposed SC/MLD. The complexity of the proposed SC/MLD 
Detector (iterative process) is larger than that of the turbo detector using the SISO-MLD due to the SC unit. However, since the complexity of the SC unit is much smaller than that of SISO-MLD, this gap is negligible in the total computational complexity. Therefore, the computational complexity of the proposed SC/MLD is almost the same as that of the turbo detector using SISO-MLD. Nevertheless, the proposed SC/MLD can achieve a lower BER than the turbo detector using SISO-MLD. Next, in Fig. 8 , the gap between the SC/MMSE detector and the proposed SC/MLD of Q = 16 is larger than that of Q = 4. This is because the complexity of the SISO-MLD in the proposed SC/MLD grow exponentially as a function of the number of constellation points Q. However, the complexity of the proposed SC/MLD with two iterations is smaller than that of the SC/MMSE detector with four iterations. Therefore, from Figs. 5 and 8, the proposed SC/MLD with two iterations can obtain a better BER performance than the SC/MMSE with four iterations which reaches the performance boundary, and the proposed SC/MLD with two iterations provides a smaller complexity than the SC/MMSE detector with four iterations. In addition, when a further CCI suppression performance is required, the proposed SC/MLD can cope with the case, though the computational load exceeds that of the SC/MMSE detector.
Moreover, in this paper, the length of codeword in LDPC codes is relatively short; i.e., the complexity is small. In general, the length of codeword in LDPC codes is very long [11] . In this case, the complexity of the LDPC decoding becomes dominant in the complexity of the turbo detector. This implies that the curves in Fig. 8 become more steeper, and the number of iteration becomes an important factor to reduce the computational load. Therefore, the proposed SC/MLD is effective to reduce the computational load for the SC-type turbo detector.
Conclusions
In this paper, we have proposed an SC/MLD to suppress CCI in SDM-OFDM systems. In our turbo detector, more appropriate parameters for SISO-MLD can be obtained by using a soft replica cancellation unit. The SISO-MLD in the proposed SC/MLD makes use of the variance of residual components.
From the simulation results, the proposed SC/MLD provides a better BER performance than the turbo detector using SISO-MLD. Furthermore, the proposed SC/MLD can attain the BER equivalent to that of the SC/MMSE detector with a smaller computational complexity. Thus, the proposed SC/MLD is effective to improve the CCI suppression performance and to reduce the computational load in SDM-OFDM systems.
